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Introduction
Smooth pursuit eye movements are necessary for visual discrimination of moving objects, because they stabilize the image of the target on the fovea by matching eye velocity to target velocity. For this purpose the brain uses afferent information about visual motion on the retina ('retinal slip'), probably combining it with extraretinal information about eye movements (Yasui and Young, 1975; Robinson et al., 1986; Lisberger et al., 1987; Thier and Erickson, 1992) and, in the case of predictable target motion, anticipation of the target trajectory. This is achieved by a network of cortical areas that are known to be involved in the control of SP in © Oxford University Press 1996 monkeys (Tusa and Ungerleider, 1988) . Smooth pursuit is dependent on the development of foveal vision and needs cortical visual input via the geniculo-striate system and the extrastriate MT in the superior temporal sulcus, which is specifically involved in the analysis of visual motion (Zeki, 1974; Mikami et al., 1986) . From there, pursuit-related neuronal projections (Ungerleider and Desimone, 1986 ) reach the adjacent area, the MST which combines visual and eye movement (efference copy) signals thus creating a stable percept of target motion in space (Newsome et al., 1988; Erickson and Thier, 1991; Thier and Erickson, 1992) .
Furthermore, it contains neurons sensitive to optokinetic large-field motion that are important for object-background interactions during SP (Komatsu and Wurtz, 1988£>) , and it is the origin of the main cortico-subcortical pathway down to the pontine nuclei. The MT and MST project in parallel to the PPC, which seems to be involved in the attentional control of SP (Lynch et al., 1977) , and to the FEF, which regulates motor aspects of ipsiversive SP and contributes to mechanisms of prediction (MacAvoy et al., 1991) .
It is obvious from this physiological background that the cerebral cortex is essential for the generation and control of SP. Consequently, cortical lesions should cause profound deficits of SP. Two distinct deficits have been described following unilateral MT/MST lesions in monkeys; damage to the lateral parts of the MST (Dilrsteler and Wurtz, 1988) and the foveal representation of the MT (Dtlrsteler et al., 1987) produces a directional deficit of pursuit maintenance, in terms of a lower eye velocity towards the lesion side, even with predictable stimuli. A similar deficit is caused by unilateral FEF lesions (MacAvoy et al., 1991) . On the other hand, lesions of the peripheral visual field representation of the MT (Newsome et al., 1985) or any portion of the MST (DUrsteler and Wurtz, 1988) induce, like striate cortex lesions (Segraves et al., 1987) , retinotopic deficits in terms of reduced initial eye velocities in all directions when SP is initiated in the contralateral visual hemifield. This can be investigated using step-ramp stimuli which consist of a ramp of constantvelocity target motion preceded by a sudden target displacement (step) into either visual hemifield (examples are illustrated in Fig. 2 ). To align the fovea with the moving target, in most cases a saccade has to be performed, which can be spatially accurate only when not only target position, but also the initial target velocity had been perceived adequately in the respective hemifield. The initiation of SP itself can be studied by measuring the initial presaccadic eye acceleration and eye velocity during the first 100 ms of SP, when it is not yet under visual feedback. If internal feedback of efference copy signals is not taken into accout, the SP response during this period can be considered as quasi openloop (Lisberger et al., 1987) . It is not yet affected by the visual consequences of the eye movement and driven only by visual motion that had occurred at a certain retinal location before the eyes began to move. Thus ocular motor performance in response to step-ramp stimuli reflects not only motor properties of the saccadic and SP systems, but also cortical visual motion processing needed for their control.
The main aim of the present clinical lesion study was to find out if these models of SP control are also valid for the human cerebral cortex. The two types of SP deficits mentioned above have recently been reported in human patients with posterior hemispheric lesions (Thurston et al., 1988; Morrow and Sharpe, 1993a) . There were, however, only three (out of 25) cases with retinotopic deficits and normal visual fields, although, according to monkey data, these deficits should occurr regularly after MST/MT lesions. Also, most of the previous studies did not include cases with isolated lesions of the PPC or frontal areas, or the application of optokinetic large-field stimuli. So we investigated SP and saccadic responses to predictably (periodic) and unpredictably (stepramp) moving foveal targets and to constant-velocity motion of the optokinetic surround in patients with circumscript unilateral lesions of the cortical areas known to be involved in the control of SP or saccades (Heide et al., 1995; PierrotDeseilligny et al., 1995) , namely the PPC, the temporoparieto-occipital junction, the FEF, the SMA and the PFC. To include attentional aspects, SP results were compared with the severity of visual hemineglect.
Methods Subjects
Subjects (Table 1) were 13 patients (eight male, five female, mean age 61.5±7.6 years, range 49-75 years) with unilateral circumscript posterior parietal and 18 patients (six male, 12 female, mean age 51.7± 15.5 years, range 24-72 years) with frontal lobe lesions. Fifty healthy adults (21 male, 29 female, mean age 51.0±20.8 years) without any known neurological, psychiatric or ophthalmological disease served as controls; their ages were equally distributed between 22 and 88 years (seven or eight subjects per decade). Lesions were due to either ischaemic infarction (n = 20) in the territory of the medial or anterior cerebral artery or to tumour surgery (n = 11), 0.5 to 32 months (mean 6.9 months) prior to examination. All patients were alert and fully oriented and were able to follow the test instructions. Informed consent was obtained from each patient or volunteer, according to the declaration of Helsinki. Clinically, two patients with frontal and two with parietal lesions had manifest contralateral hemiparesis, six patients with parietal lesions had moderate hemisensory deficits and six had mild optic ataxia for arm movements to contralateral visual targets. Visual acuity was 3=0.7 in each subject. Goldmann or automatic perimetry was performed with the patients and revealed normal visual fields, except a small peripheral scotoma in the contralateral lower quadrant of one patient with a parietal lesion, which did not interfere with the visual stimuli applied during the eye movement tasks. Brainstem functions were intact, visual fixation was stable and ocular motility unrestricted. No subject took any medication known to impair SP, except three patients who were on anticonvulsants without any signs of overdosage and who had either normal SP (two cases) or only a unidirectional deficit of SP velocity (one case) which could not be attributed to medication.
Neuropsychological testing
The severity of contralateral visual hemineglect was quantified by a neglect score based on the following tests, all regarded as standard in the literature (Lezak, 1983; Halligan et al., 1991) : line bisection, line cancellation, shape cancellation, visual extinction with bilateral stimulation, Index of directional or retinotopic asymmetry: mean SP gain with predictable foveal (PRE), optokinetic (OKN) and step-ramp (SR) stimuli. I = infarction; S = postsurgery defect. Data are presented as means±SD. *P < 0.005; **P < 0.05 and "*P < 0.1: differences between patients and controls.
reading and writing (neglect dyslexia or dysgraphia), and copying a flower, a clockface and a Rey-Osterrieth figure. A score of '0' was given when no sign of neglect was present and when the performance was within 2.5 SD of the normal control group. The worst possible performance was given a score of five in the three major quantitative tests (bisection and cancellation tasks) and three in the remaining, mostly qualitative tests. The neglect score was defined as the sum of these single scores, with a possible maximum of 30. In patients with right parietal lesions, it ranged between zero and 18, reflecting no (0-1, five cases), mild (2-7, six cases) or moderate neglect (8-18, four cases), and in cases with right FEF lesions the range was zero to eight, thus showing some extent of frontal (more exploratory, motor) neglect. In the remaining groups with frontal lesions, the score was zero or, exceptionally, one.
Anatomical sites of lesions
From high-resolution axial CT or MRI brain scans (slice separation was 7 or 8 mm), the well-demarcated lesions were reconstructed and superimposed on parallel anatomical CT templates, as suggested by Damasio and Damasio (1989) . Duvernoy's atlas (1991) was used as an additional anatomical reference for the identification of landmarks, gyri and sulci. Volumes of lesions were estimated by the formula 'lengthXwidthXheightX7t/6' (Lundin and Pedersen, 1992) , thus approximating the lesion to an ellipsoid. Other authors have shown that this estimate corresponds well to those obtained by computerized volumetric methods (Filipek et al., 1989) . In the individual patients, volumes ranged between 7 and 110 cm 3 with means around 40 cm 3 (Table I) and without any significant inter-group differences, with the exception of smaller lesions in the group with SMA lesions.
As in previous studies (Pierrot-Deseilligny et al., 1991; Morrow and Sharpe, 1993a, 1995; Heide et al., 1995) we tried to allocate the individual patients to different subgroups according to the anatomical location of a common lesioned area, which is the common overlap of all individual lesions (damaged in 71-100% of the cases within each group, see Fig. 1 ). As only those patients whose lesions had their centres in one of the known cortical ocular motor areas (PPC, FEF, PFC or SMA) had been selected for the study, it was expected that the common lesioned area of each subgroup was located in one of these cortical fields. In the group with parietal lesions, it was part of the inferior parietal lobule, along the border between the angular and supramarginal gyrus (Brodmann areas 39 and 40), extending cranially toward the intraparietal sulcus and caudally to the temporo-parietal junction, but leaving the pulvinar and internal capsule intact. In the cases with frontal lesions, an overlap of individual lesions between the different subgroups could not be avoided in such a clinical lesion study because of the close anatomical vicinity of the FEF, the PFC and the SMA. So in an individual patient, it is often not possible to attribute his ocular motor deficits to damage of a certain cortical area. However, deficits of a whole group of patients could be localized more exactly, because the common lesioned area was selective for each group. In one subgroup, it involved the assumed location of the right FEF (n = 4) in the premotor region around the middle portion of the precentral sulcus and the adjacent precentral gyms (Godoy et al., 1990; Petit et al., 1993) , even though some of these lesions extended also more anteriorly into the prefrontal cortex. Other lesions (five left, three right) overlapped in the dorsolateral PFC (area 46) anterior to the FEF, or in the anterior part of the SMA (the assumed location of the supplementary eye field; see Fried et al., 1991; Petit et al., 1993) , located in the dorso-medial superior frontal gyrus (n = 3). The 'left FEF/PFC group (Table 1) consists of three cases with larger left frontal lesions (not shown in Fig. 1 ) including not only parts of the FEF, but also parts of the PFC.
In order to demonstrate the anatomical selectivity of the common lesioned area for each subgroup further, lesions were superimposed on regions of interest (ROI) as defined by Damasio and Damasio (1989; see 
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*-'I P02 Fig. 1 Superimposed outlines of lesions from patients with frontal and parietal lesions, delineated on parallel CT anatomical templates, at an angle of 36° to the inferior orbitomeatal line, according to Damasio and Damasio (1989) : (A) right or left PFC and right PPC lesions, (B) right FEF and left SMA lesions. Black areas are involved in 86-100%, hatched areas in 71-85% of the cases within each group. (C) Grey and black areas indicate the regions of interest (ROI, according to Damasio and Damasio, 1989) damaged in all cases within each subgroup of patients, their score of involvement being >0.6. F07 = prefrontal region, F08 = premotor region and anterior portion of the rolandic region, F03 = supplementary motor area, P02 = angular gyrus.
was considered damaged, if >25% of its area was involved. The extent of damage was coded as one when the lesion covered between 25% and 75% of its area, and as two when it covered >75%. For each ROI, the code numbers were added up within each subgroup and divided by two and by the number of this subgroup's cases; this quotient is defined as the score of involvement. In each of the subgroups with frontal lesions, the ROI with the maximum score (>0.6) contained the location of the respective cortical ocular motor area and was selective for the group, because it was damaged in 100% of those cases, but significantly (x 2 test, P < 0.05) less frequently (between 0% and 25%) in all other groups. This was the region F03 (Fig. 1C ) in cases with SMA lesions (score 0.63), F07 in cases with PFC lesions (score 0.81) and the premotor region F08 in cases with FEF lesions (score 0.75). Other ROIs (F04, F06, F09) were involved to a lesser extent (score =£0.5) and did not discriminate between the three subgroups. Among the cases with PPC lesions, the angular gyrus (P02) was involved more (score 0.75) than the supramarginal gyrus (P01; score 0.55).
Eye movement recordings Apparatus
Horizontal saccadic and SP eye movements were recorded using infrared reflection oculography with photo diode arrays (Katz et al., 1987) . The recording system was mounted on a table where the subject's head was positioned on a chin rest and fixed by a head holder. The centre of the pupil was coded as the horizontal eye position, with linearity being maintained up to 20° eccentricity. The analogue signal was digitized, sampled at 200 Hz and stored on a hard disk.
Optokinetic nystagmus (OKN) was recorded with conventional binocular horizontal DC EOG (electrooculography) with silver-silver chloride electrodes, placed at the temporal canthi. Additional vertical AC recording (time constant 5 s) of the right eye served as control for blinks. The EOG-signals were amplified, low-pass filtered at 30 Hz, AD-converted and stored on a computer hard disk, at a sampling rate of 100 Hz. Subjects were seated with their eyes positioned ~10 cm below the centre of a white light-reflecting spherical screen of 1.8 m diameter, which was covered by an optokinetic full-field pattern of pseudorandomly distributed light dots projected from a tumable globe at its centre. Each dot covered 2-3° of visual angle. Calibration with saccades between light-emitting diodes separated by 20° was repeated before and after each trial. Prior to testing, spontaneous nystagmus was recorded in the dark.
Visual stimuli
For visual stimulation in the pursuit and saccade trials, a red laser spot of 0.5° was projected on a tangent white screen, 116 cm away from the subjects' eyes. Target movements were controlled by the recording computer, target positions were sampled and stored together with the eye position signals. We applied predictable periodic pursuit stimuli of constant (15 and 30°/s) or sinusoidally modulated velocity (±15° at 0.3 Hz), each of them for 20 s. We did not test for velocity or acceleration saturation, as did Leigh and Tusa (1985) and Morrow and Sharpe (1990) , but used only the mentioned sinusoidal stimulus with a peak velocity of 28.37s and a peak acceleration of 53.37s
2 . In addition, unpredictable 'step-ramp' stimuli consisted of sudden steps of 3° or 8°h orizontal target displacement to the left or right from primary position, succeeded by constant-velocity ramps of 10, 15 or 307s, either in the same direction as the step (foveofugal stimulus, see Fig. 2A ) or in the opposite direction (foveopetal stimulus, see Fig. 2B ). The stimuli were intermingled in pseudorandom order and were presented four times for each velocity and direction. Each recording trial lasted for 20 s and included six different step-ramp combinations and a calibration saccade of 10° amplitude. Subjects were instructed and repeatedly encouraged to keep on fixating the red target spot. In addition, visually guided saccades to stationary targets were performed with horizontal steps of ±14°, but random frequency and direction.
For the OKN recording, the full-field stimulus was rotated for 30 s to the right or left, at a constant velocity of 907s. Subjects were instructed to pursue the optokinetic pattern as exactly as possible during the whole period of visual stimulation. After stimulus termination, optokinetic aftemystagmus (OKAN) was recorded in the dark with eyes open. Furthermore, subjects had to verbally indicate the moment of onset and the direction of visually induced selfmotion sensation (circular vection).
Data analysis
All data were analysed offline, after displaying the eye position traces on a computer monitor. When there was an artefact such as a blink, the respective time interval was cut out of the data, thus leaving a gap in the curve.
(1) Visually guided saccades. A saccade was identified when eye velocity abruptly changed by >407s and eye acceleration was 3= 10007s 2 . The saccade was displayed on the monitor for interactive visual control. Latency, amplitude and maximal velocity of each primary saccade in response to a target step were calculated by the program and stored for statistics. Anticipatory saccades (latency <80 ms) or saccades with latencies of >800 ms were excluded.
(2) Predictable SP trials. In the periodic trials of constant target velocities (triangular wave form), the effect of prediction was quantified by measuring the mean delay between the times that target velocity and the time that eye velocity changed direction (see Fig. 4A ). Then the first halfcycle (period of SP initiation) was cut off as well as the corners of each triangular curve (all eye positions being more eccentric than 12°), and the rest was differentiated. The resulting velocity trace was smoothed by a 10-point moving window averager and plotted as a dwell histogram of real time spent in each of the resulting eye velocities. Saccades were excluded from further analysis by taking into account only eye velocities below an adequate threshold (257s for the 157s-stimulus and 457s for the 307s-stimulus). Mean SP eye velocity was calculated separately for each direction as the cumulative change in eye position divided by the cumulative time. Maximum SP eye velocity was assessed as the highest pursuit velocity that occurred for 3=10% of the recording time. The mean or maximum SP gain was the quotient of the respective eye velocity and target velocity. For the sinusoidal stimulus, mean SP gain was assessed by the same procedure, but only for periods of 600 ms around the peak eye velocity in each cycle. (3) Step-ramp trials. At first, saccades were identified and analysed. For each first saccade in response to a target step, we measured its latency, amplitude and position error (difference between eye and target position at the end of the saccade). If there was no saccade within the 500 ms following the step, the position error was measured after the first 100 ms of pursuit. After this analysis, all saccades were cut out of the data, thus leaving small gaps in the curves. The saccade-free SP eye position signal was differentiated and smoothed. Further analysis depended on the type of stimulus. With foveofugal step-ramps ( Fig. 2A) , presaccadic pursuit was not evaluated, because it was either not present or too short for a reliable analysis, as had already been reported by Morrow and Sharpe (1993b) , using the magnetic search-coil technique. In these cases, we measured the mean and maximum gain of postsaccadic SP within an interval of 50 ms following the first saccade. With foveopetal stimuli, presaccadic pursuit into the direction of the moving ramp could be identified in >90% of those trials where the target ramp crossed primary position ~200 ms after the step-the classical paradigm of Rashbass (1961) . In those cases we measured the latency of SP initiation and the initial eye acceleration according to the method of Carl and Gellman (1987) , which is illustrated in Fig. 2B . The average eye velocity during the last 100 ms prior to the target step was taken as baseline eye velocity, usually ~07s. Beginning from the point where pursuit eye velocity exceeded three times the standard deviation of the baseline, a regression line was computed of the velocity trace for a period of 60-100 ms. The intercept of this regression line with the baseline was taken as pursuit latency, its slope as initial eye acceleration. Further, we measured the mean and maximum velocity gain of initial SP during its first 100 ms. A possible initial eye acceleration into the direction of the target step (i.e. opposite to the ramp) as reported by Carl and Gellman (1987) could not be evaluated reliably as the signal was too noisy.
(4) Optokinetic trials. Within each 30-s period of OKN, 10 nystagmus beats with the highest slow-phase velocities were identified. The OKN gain was calculated as the quotient of their mean slow-phase velocity and stimulus velocity (90°/s), thus being a kind of maximum gain in each trial. Concerning OKAN, we measured its duration and its maximum slow-phase velocity, taken immediately after the fast decay of slow-phase eye velocity 1.5 s after the lights went off.
(5) Assessment of directional or retinotopic asymmetries.
For each stimulus, an index of directional asymmetry was calculated as SP gain (or OKN gain) with leftward minus SP gain with rightward smooth target motion, divided by their sum, according to the formula (L-R)/ (L+R). Smooth pursuit or OKN in an individual patient was considered asymmetrical when the index of asymmetry lay outside the 5/95% percentiles of the control group. In the step-ramp trials, an analogous index of retinotopic asymmetries was assessed comparing mean SP gains after rightward and leftward steps [(R -L)/(R + L)]. As an additional control in the step-ramp trials, each parameter was pooled over all target velocities within each subject and analysed statistically (Wilcoxon test) for significant (P < 0.05) differences between either the two directions of ramp motion (directional asymmetry) or the two step directions (retinotopic deficit).
(6) Additional statistics. For each parameter, we assessed its mean and standard deviation from several trials in each individual subject. These individual means were used in the statistical analysis. Each parameter was normally distributed among the three groups of normal subjects, patients with frontal lesions and patients with parietal lesions, according to the Kolmogoroff-Smimoff-Lilliefors test. Nevertheless we applied nonparametric tests to look for significant differences between the groups, because sizes of subgroups and the variability of data between the subjects of each subgroup were rather heterogeneous. The H test (according to KruskalWallis) was used for multiple comparisons and the U test to analyse for significant deviations of results between one of the patient groups (with right PPC, right frontal or left frontal lesions) and the control group. For some specific questions, the subgroups of patients with frontal (SMA, FEF, PFC) lesions were analysed separately. Correlations between parameters within one group were assessed with Spearman's rank correlation test. The minimum level of statistical significance was 5% when only one parameter had to be tested in order address a certain issue (e.g. the latency of direction reversal of predictive SP). A level of 1% was required for each parameter when multiple parameters had to be compared. If, however, these parameters were interdependent, such as SP gain with three different stimulus velocities in each direction (Fig. 3) , and all of them reached a level of 5%, this was regarded as significant.
Results

Directional deficits of SP velocity with periodic and step-ramp stimuli Variability
Within the individual subjects, the variability of SP gain in different trials was in the same order of magnitude in normal subjects and in patients. With predictive stimulation of 15°/s, the individual standard deviations of mean SP gain ranged between 0.02 and 0.05, with 307s between 0.04 and 0.10 and with 0.3 Hz between 0.01 and 0.07. With stepramp stimuli, they ranged between 0.11 and 0.20, depending on stimulus velocity; the higher variability was found with the higher velocities of 15 and 307s.
Normal subjects
Considering the whole group of normal subjects, the mean gain of SP velocity (Fig. 3 ) was virtually identical with rightward and leftward stimulation. With predictable stimulation of 157s (left half of Fig. 3) , it was 0.92±0.09 for rightward and 0.91 ±0.07 for leftward SP. With 307s, it was O.83±O.l 1 for rightward and 0.84±0.10 for leftward SP. With step-ramp stimuli, the mean gain of initial SP (in the first 100 ms, see right half of Fig. 3 ) was lower and more variable than that of predictive SP, particularly with the higher target velocities. With 157s, it was 0.67±0.21 for rightward and 0.70±0.25 for leftward SP. The maximum SP gain was consistently 10-15% higher than the mean gain under all stimulus conditions and in all groups of subjects; results were otherwise identical. Therefore we will not mention it further. 
Right FEF lesions
The most salient directional SP deficits were found in patients with lesions of the right FEF, in terms of low-gain pursuit in the rightward direction, frequently interrupted by catch-up saccades. An example is shown in Fig. 4A , with a predictable stimulus. For the whole group of cases with right FEF lesions, the gain of rightward (ipsiversive) SP was significantly lower than the respective gain of the normal control group (Fig. 3) under all stimulus conditions. This was more pronounced with predictable periodic stimuli (rightward SP gain of 0.55±0.15 with 157s, P < 0.005; leftward gain of 0.87±0.05, not significant) than with step-ramp stimuli [rightward gain 0.44±0.10 with 157s (P < 0.05) and 0.28±0.11 with 307s (P < 0.01)], where leftward (contraversive) SP gain also tended to be reduced [0.56±0.12 with 157s (P < 0.1) and 0.25+0.11 with 307s (P < 0.05)]. It can already be expected from these data for rightward versus leftward SP, that the mean index of directional asymmetry for predictive SP [(L-R)/(L+R), see Table 1 ] was significantly elevated in the group with right FEF lesions (0.22±0.14; P < 0.001) as compared with the control group (0.00±0.04). Considering the individual results, the index of asymmetry ranged above the 95%-percentile of the control group in three out of four cases with FEF lesions (Fig. 5, left column) . With step-ramp stimuli, however, the mean index of the group with right FEF lesions (0.08±0.18) was only moderately elevated, without statistical significance, and was raised above the 95%-percentile of the control group in only one individual case (Fig. 5 , second column from the left). Thus the gain of predictive SP was more sensitive to lesion-induced directional asymmetries than the gain of initial SP using step-ramp stimuli.
Right posterior parietal lesions
This was also found in the group of patients with right parietal (PPC) lesions, where the index of asymmetry ranged above the 95%-percentile in four cases (out of 13) with predictable stimulation, but only in one case with step-ramp stimulation (Fig. 5 ). This ipsiversive directional SP deficit was present with all stimulus speeds. In two patients with ipsiversive SP deficits (one patient with a FEF lesion and one with a PPC lesion), the maximum gain of contraversive (leftward) SP with periodic stimuli was, intermittently, even > 1 (up to 1.09) and was corrected by small back-up saccades, similar to findings in hemidecorticate patients (Sharpe et al., 1979) . Other patients with PPC lesions had a bidirectional SP deficit with reduced gain of both rightward and leftward SP. Two of these patients even seemed to have a contraversive deficit with negative indices of asymmetry (below the 5%-percentile); this was obviously caused by a higher frequency of anticipatory saccades during leftward pursuit and thus Step-ramp performance (foveopetal) in a normal subject and (C) in a patient with a right parietal lesion who showed a retinotopic deficit of pursuit initiation in the left hemifield and a deficit in the initial leftward saccade which, erroneously, had the direction of the step, thus increasing eye position error.
cannot be regarded as a real directional deficit of contraversive SP. As a consequence of the frequent bidirectional impairment of SP in patients with right PPC lesions, the mean index of asymmetry for the whole group (0.03±0.09, Table I ) showed only a weak tendency (P < 0.1) to be higher than in normal controls, even with predictive stimulation. The mean gain of predictive SP (Fig. 3 , left half) in the group with PPC lesions was significantly lower than in the control group for both horizontal directions. With constant velocity stimulation of 15°/s, it was 0.81 ±0.15 for rightward (P < 0.005) and 0.85±0.11 for leftward SP (P < 0.05). With the other predictable stimuli, results were similar. With step-ramp stimuli, however, SP gain in the group with right PPC lesions was only slightly lower than in the control group, without statistical significance. For 157s ramp velocity, it was 0.58±0.26 for rightward SP (P < 0.1) and 0.63±0.24 for leftward SP {P < 0.1).
Considering the individual subjects, gain data with different predictable stimuli correlated with each other, but not with the respective step-ramp data, indicating that these two modes of stimulation activate different subfunctions of the pursuit system. In patients with parietal lesions, the individual mean gain of ipsiversive predictive pursuit (as well as the respective indices of asymmetry) showed a significant inverse correlation with the neglect score (r = -0.66 for 307s; P < 0.01). Further, one patient with a parietal lesion, with a clear ipsidirectional SP deficit (mean index of asymmetry 0.17±0.06 for predictive SP), showed an additional impairment of contraversive SP (low gain) with periodic stimuli only when the test was performed in the contralateral field of gaze, after the eyes had crossed the craniotopic midline. This contralateral craniotopic SP deficit was found in the patient with the highest score for contralateral visual hemi-neglect (18).
Other frontal lesions
In contrast to SP in patients with right FEF lesions, SP of patients with isolated right or left prefrontal (PFC) lesions showed no significant deviations from the control group (Fig. 3) . In patients with right PFC lesions, the average mean gain was 0. Similarly, the index of retinotopic deficits (SR-RET) refers to differences in pursuit gain following rightward and leftward target steps. Groups of subjects are the same as in Fig. 3 , open symboles show indices of individual patients with right FEF or right PPC lesions, black symbols show mean indices of the other groups. For the control group, the range of 5/95%-percentiles is indicated by vertical bars. data with step-ramp stimuli of 15°/s were 0.64±0.19 for rightward and 0.70±0.23 for leftward SP. In the whole group of patients with left frontal lesions, the mean gain of leftward (ipsiversive) SP with 307s stimulus velocity tended to be lower than in the control group (Fig. 3) ; it was 0.78±0.10 (P < 0.1) with the predictable stimulus and 0.37±0.19 (P < 0.05) with the step-ramp stimulus. The respective data for rightward SP were 0.84±0.13 (not significant) and 0.48±0.17 (not significant). This slight ipsidirectional SP deficit in patients with left frontal lesions is due to a low ipsiversive gain in the subgroup with left FEF/PFC lesions [0.67±0.12 (P < 0.01) with predictable and 0.31 ±0.15 (P < 0.05) with step-ramp stimulation]. Among the individual patients with left frontal lesions, only one with a left FEF lesion had a significant directional asymmetry of predictive SP; the index of asymmetry was -0.06±0.02.
Directional deficits with optokinetic stimulation
With rightward (ipsiversive) optokinetic full-field stimulation (Fig. 3, central block) , patients with right PPC lesions (0.50±0.19, P < 0.05) and patients with right FEF lesions (0.45±0.20; P < 0.05) had a lower OKN gain than the control group (0.70±0.11). On the other hand, with leftward (contraversive) stimulus motion, OKN gain did not discriminate between these groups (O.69±O.I6 in patients with right PPC lesions, 0.75 ±0.15 in patients with right FEF lesions and 0.69±0.09 in the control group). Consequently, the indices of directional OKN asymmetry (see Table 1 ) were significantly elevated in the group with right PPC lesions (O.18±O.I2; P < 0.01) and in the group with right FEF lesions (0.25±0.12; P < 0.005). Considering the individual subjects, indices were raised above the 95%-percentile of the control group in all four patients with right FEF lesions and in eight of 13 patients with right PPC lesions. Thus, particularly in patients with parietal lesions, optokinetic fullfield stimulation of high constant velocity (907s) was more effective in revealing directional asymmetries than SP of foveal targets, which had shown significant asymmetries in only four out of 13 cases. Nevertheless, both modes of stimulation seem to reflect the same sort of directional SP deficit as the respective indices of asymmetry (predictive foveal SP versus OKN) correlated well with each other (r = 0.82; P < 0.001). In the other groups of patients, OKN gain was symmetrical in both directions and did not deviate from the control group (0.65 ±0.16 with right PFC lesions and 0.73±0.17 with left frontal lesions).
The parameters of OKAN showed no significant deviations from the control group and no consistent directional asymmetries in any of the groups of patients. The maximum slow-phase velocity of OKAN was on average 9.9±4.37s, and its duration was 33±17 s. Six patients with parietal 1.18±0.8 1.08+0.8 0.50-1.39 R = right; L = left; SD = standard deviation; *P < 0.05; **P < 0.005, differences between patients and controls.
lesions showed a slight intermittent spontaneous nystagmus, but only in the dark, beating in ipsilesional direction (fast phases) in one case and in contralesional direction in the other five cases. In these five cases the slow phases of spontaneous nystagmus were directed towards the side of the lesion (ipsiversive) and thus cannot account for the reported ipsidirectional deficits of OKN and SP, instead they should have a compensatory effect.
All subjects experienced circular vection during optokinetic full-field stimulation. The latency of its onset was 6.3±2.5 s in the control group and not different in the patient groups in either direction.
Retinotopic deficits with step-ramp stimuli Pursuit initiation
Retinotopic deficits of SP initiation with step-ramp stimuli were found only in patients with parietal lesions; this was in terms of a reduced velocity of initial SP and an elevated position error of the first saccade towards the moving target, following a contralateral (leftward) target step. An example is shown in Fig. 4C , where an unnecessary saccade is performed towards the initial position of the target immediately after the step, as if the ramp had not yet moved. After this erroneous saccade, rightward SP was much slower and more interrupted by catch-up saccades than in the normal subject in Fig. 4B . In connection with these deficits, we found a significantly prolonged latency of pursuit initiation (P < 0.005, as compared with normal subjects, see Table 2 ) and a reduced initial eye acceleraton (P < 0.05) in response to foveopetal step-ramps, where a presaccadic SP response could be identified in patients with PPC lesions in 69% (versus 92% in the control group; P < 0.05 using the x 2 test) of the trials with leftward and in 85% with rightward steps. With foveopetal stimuli a leftward step is always followed by a rightward moving ramp, so these deficits of SP latency and initial eye acceleration cannot be classified definitely as retinotopic or directional.
The mean velocity of initial pursuit (Table 2) was significantly (P < 0.005) reduced in the group with right PPC lesions (9.7°/s) as compared with the control group (11.77s) only for step-ramps starting with leftward steps, no matter if they were foveopetal or foveofugal. Consequently the index of retinotopic asymmetry (Table 1, right column) was elevated above the level of normal subjects specifically in the group with parietal lesions (P < 0.05). Considering the indices of the individual patients with parietal lesions, two of them were above the 95%-percentile of the control group (Fig. 5, last column) ; the retinotopic deficit of initial SP velocity was additionally confirmed by application of the Wilcoxon test (comparing trials with rightward and leftward steps, P < 0.05), as explained in the Methods section.
Accuracy of the initial saccade to the moving target
The position error of the first saccade following leftward target steps tended to be elevated in patients with right PPC lesions (P < 0.05); on average, it was 1.70° versus 1.08° in the control group (Table 2 ). This cannot be interpreted as a pure saccadic disorder, in terms of hypometria of contralateral visually-guided saccades, for two reasons. First, within the group with right PPC lesions the position error of leftward saccades to the moving target did not correlate (r = 0.27; not significant) with the position error of leftward saccades to stationary visual targets, even though the latter was also elevated in patients with right PPC lesions (2.5°±1.8°) as compared with the control group (0.6°±l.P; P < 0.01). Secondly, initial saccades to foveopetal step-ramps were hyper-rather than hypometric, whereas leftward saccades to stationary targets were hypometric. Among the individual patients with PPC lesions, the Wilcoxon test revealed significant (P < 0.05) retinotopic deficits with respect to the position error of the first saccade towards the moving target in two cases. These were not identical with the two individuals having retinotopic deficits of SP velocity mentioned in the Fig. 1 , lesions of the following five patients with right PPC lesions were superimposed, using only the right half of Damasio's anatomical templates: three cases with both directional and retinotopic deficits of foveal SP (solid lines), one case with only a retinotopic SP deficit (broken line) and one case with only a directional deficit (dotted line). The common lesioned areas of all directional cases are filled with horizontal stripes, those of all retinotopic cases with vertical stripes, the dotted areas are lesioned in four out of five cases. The black areas are lesioned in 2=3 of the five cases, but never in patients with PPC lesions without directional or retinotopic deficits of SP or OKN. last paragraph. Thus altogether, there were four cases with PPC lesions who had a contralateral retinotopic deficit during SP initiation. In addition, three of them had an ipsidirectional deficit of predictive pursuit.
Lesion site in patients with parietal lesions with SP deficits
Superimposed outlines of lesions in patients with parietal lesions and significant deficits of foveal pursuit (not OKN) are shown in Fig. 6 and related to Brodmann areas (one case with a pure directional deficit, one case with a pure retinotopic deficit and three cases with a combination of both). The common lesioned areas of patients with either retinotopic or directional deficits do not show consistent anatomical distinctions from each other, but coincide (cross-hatched areas) fairly well in Brodmann area 39 within the inferior parietal lobule. This location, however, was also damaged in most of the other patients with parietal lesions without SP deficits (compare Fig. 6 with Fig. 1 A) , with exception of its caudal part (blackened area in Fig. 6 ) extending into Brodmann area 37 and into the underlying white matter, along the border to area 19, in the temporo-parieto-occipital junction. This anatomical site was never damaged in patients without retinotopic or directional deficits of SP or OKN, but in 2=3 (subcortically four) out of five cases with SP deficits and in seven (subcortically eight) out of nine cases with deficits of SP or OKN. Thus, this site is more specifically related to these disorders than any other part of the parietal lobe. On the other hand, non-specific factors such as duration or volume of lesions or the patient's age did not correlate with the ocular motor parameters such as SP gain or postsaccadic position error, neither within the group of patients with parietal lesions nor in the whole group of patients with frontal and parietal lesions.
Latencies of SP and saccades
Latencies of saccadic and pursuit-related parameters with different visual stimuli are plotted in Fig. 7 for each subgroup of subjects. Pursuit initiation with foveopetal stepramps and leftward (contralateral) steps was significantly delayed not only patients with right parietal lesions (210±45 ms, P < 0.005, see also Table 2 ), but also in cases with right FEF lesions (212±43 ms, P < 0.01). In the latter, this delay seems to reflect a directional deficit of initiating ipsiversive rightward SP, in accordance with the ipsidirectional deficit of SP gain. However, only patients with right PPC lesions had highly significant retinotopic deficits of both SP and saccadic initiation towards visual targets in the contralateral (left) hemifield, concerning not only the latencies of visually-guided saccades to stationary targets (306±85 ms versus 193 ±40 ms in normal subjects), but also the latencies of primary leftward saccades in response to moving stepramp stimuli (251 ±35 ms versus 205±41 ms). Nevertheless, this does not reflect a general parietal deficit of initiating eye movements to contralateral visual targets, for the following reasons. First, the latencies of the three different parameters did not correlate with each other. Secondly, only the latencies of leftward saccades to stationary visual targets correlated significantly with the neglect score (r = 0.71; P < 0.005), which was therefore related to inattention for the contralateral visual hemifield. However, this was not the case for the other parameters. In particular, the retinotopic deficits of SP initiation were independent of the severity of visual hemi-neglect. Concerning ipsiversive (rightward) eye movements, only saccades to stationary targets tended to be delayed in patients with parietal lesions (240±70 ms versus 191 ±51 ms in controls, P < 0.05), but not saccades to moving targets or SP initiation with step-ramp stimuli.
The first column of Fig. 7 shows the mean latencies of SP direction reversal with periodic stimuli of constant velocity (15°/s). The H test confirmed that the six subgroups differed significantly with respect to this parameter (H = 10,79; P < 0.05). Pursuit direction changed with prolonged mean latencies in cases with right PPC (164±31 ms, P < 0.05, U test) and left SMA lesions (158±11 ms, P < 0.05), as compared with the control group (114±37 ms , intraindividual standard deviations ranging between 15 and 41 ms). In cases with right FEF lesions, a similar delay (160±63 ms) referred only to one direction (change from leftward to rightward SP), and was just a weak tendency (P < 0.1), whereas in cases with right parietal and left SMA lesions, the delay was present in both directions, each at a statistical level of P < 0.05. This can be regarded as significant, because multiple comparisons were not performed in this part of the experiment. In all groups of subjects, except those with SMA lesions, the latencies of SP direction reversal were 40 to 50 ms shorter than the corresponding latencies of SP initiation using unpredictable step-ramp stimuli, thus they reflected a normal ability to anticipate the direction reversal of target motion. This was the case even in patients with right PPC or FEF lesions, where both latencies were prolonged equally. However, the group with SMA lesions was the only one in which the prolonged mean latency of direction reversal (158±11 ms) was almost identical to their usual latency of SP initiation (161 ±22 ms), indicating that SMA lesions impair the anticipation of predictable target motion. This was the only significant SP deficit in our patients with SMA lesions, but it requires confirmation in a larger number of cases in the future.
Discussion
Our ocular motor study in patients with chronic hemispheric lesions has revealed several distinct SP deficits, that appeared to be more or less specific for a certain cerebral localization, thus, in accordance with previous reports, extending our knowledge about the functional anatomy of cortical SP control in humans. A significant influence of anatomically non-specific factors such as size or duration of lesions could not be found. In patients with frontal lesions where the results were rather heterogeneous, additional analysis of the different subgroups was effective. However, because of the small number of cases, only nonparametric tests could be applied for statistical analysis of differences between each of these subgroups and the control group, and they had to be corrected for multiple comparisons. As this increases the probablity that some real differences might not have reached statistical significance, negative results in this study have to be treated with caution. Further, it should be taken into account for interpretation of our data, that recovery could have masked some of the deficits, and that lesions were not limited, like those in recent monkey experiments, to a single cortical area and not even to the cortex itself, but always included the underlying white matter. This could explain the enduring nature of deficits in our patients, compared with the rapid recovery (within 1-2 weeks) following localized cortical lesions in monkeys (DUrsteler et al., 1987; Dursteler and Wurtz, 1988) . The basal ganglia, however, and the major projecting pathways were not affected in our subjects.
experimental lesions of the FEF (Keating, 1991) , this component might have compensated for the SP deficit under optokinetic full-field stimulation of rather low velocity (307s) so that the resulting OKN was normal.
Smooth pursuit deficits after frontal lesions Frontal eye field: marked directional deficit of ipsiversive pursuit velocity
Patients with right FEF lesions had the most pronounced directional deficits in terms of lower SP and OKN gain with ipsiversive stimulus motion, thus demonstrating that the human FEF is not only important for saccades (Petit et al., 1993; Pierrot-Deseilligny et al., 1995) but also for the control of SP. Within the last years, evidence for this assumption, more with respect to predictive pursuit, has been found experimentally in monkeys (Lynch, 1987; Keating, 1991; Mac Avoy et al., 1991) and in a few human patients with FEF lesions; however, these were mostly examined with periodic sinusoidal stimuli (Morrow and Sharpe, 1990; Rivaud et al., 1994) . In our patients, the directionality of the deficit was again most obvious with predictable stimuli. The deficit was predominantly directional with step-ramp stimuli too, in terms of reduced velocity and prolonged latency of ipsiversive SP initiation, but the initial SP velocity was slightly reduced (nonsignificant tendency) with contraversive ramp motion too, indicating that SP control by the FEF might not be exclusively ipsilateral. Apart from the recent study of Morrow and Sharpe (1995) , this is the first demonstration that the human FEF, like the FEF in monkeys (Gottlieb et al., 1994) , participates in the control of SP initiation, in addition to ipsilateral predictive pursuit. The SP deficit in our patients is identical to that found in monkeys with unilateral FEF lesions (Keating, 1993) . Like this investigator, we did not find a significant retinotopic deficit, neither of SP initiation nor of saccadic accuracy towards moving targets, and anticipation of target motion (reversal of target direction) with predictable triangular-waveform stimuli was not abolished. So the marked directional SP deficit cannot be attributed to deficits of visual motion processing, or solely to impaired prediction, but might instead reflect a motor disorder, bearing in mind the close anatomical connections of the FEF with the MST and the pontine nuclei as the major centres in the efferent limb of the SP system (Leichnetz, 1989; Boussaoud et al., 1990) .
The directional asymmetry was also significant with optokinetic full-field stimulation of 907s constant velocity, a finding which up to now has been reported in only one case of an FEF lesion (Rivaud et al., 1994) . It is in accordance with current models of the optokinetic system (Cohen et al., 1977) that attribute the control of highvelocity OKN to the pursuit system. On the other hand, the parameters of the velocity storage component of OKN (OKAN und circular vection) were not impaired in our patients with FEF lesions. In a primate study with
Lesions of the SMA: deficit of target anticipation
Up to now, SP deficits have never been reported following SMA lesions. So it was surprising that our patients with lesions of the left SMA had significantly prolonged latencies of direction reversal during pursuit of predictable triangular-waveform stimuli, obviously not being able to anticipate these changes. This could reflect a deficit of a hypothetical long-term predictive mechanism involved in coding temporal characteristics of the target trajectory such as the timing of direction reversals. Recently, single-unit recordings in the SMA of monkeys have presented evidence for such a mechamism, as those units' responses usually peaked before the target of a triangular stimulus reversed its direction (Heinen, 1995) . This corresponds well to the timing function of the SMA, particularly with respect to the control of predictable motor sequences (Deecke et al., 1985; Mushiake et al., 1990; Matsuzaka et al., 1992) , or of saccadic sequences (Gaymard et al., 1990; Heide et al., 1995) . There is also anatomical evidence that the SMA is involved in SP as it receives projections from the MST and projects both to the FEF and down to the pontine nuclei (Huerta and Kaas, 1990) . The gain of SP velocity, however, was not significantly affected in our patients. To further confirm our findings, more detailed studies on predictive SP in larger numbers of patients with SMA lesions are necessary, looking also at the phase lag with different target accelerations.
Lesions of the PFC: no SP deficit
We could not find any deficits of SP following right or left prefrontal lesions, indicating that the assumed role of the PFC for sustained visual fixation (Anderson et al., 1994) does not per se imply an involvement in SP.
Posterior parietal lesions and SP deficits Directional and retinotopic deficits
Like other investigators (Thurston et al., 1988; Morrow and Sharpe, 1993a) , we could identify directional and retinotopic SP deficits in patients with lesions of the right posterior parietal lobe. Retinotopic deficits of SP initiation without hemianopia occurred even more frequently than in the other studies (in four of 13 cases) and were specific and significant for this group of patients, in terms of a prolonged latency and a reduced acceleration and velocity of initial SP, in both horizontal directions in response to step-ramp stimuli starting in the contralateral (left) visual hemifield. With these stimuli, the first saccade towards the moving target was spatially inaccurate too (weak tendency with respect to the whole group), more than leftward saccades towards stationary targets. As initial SP, during its first 100 ms, lacks visual feedback and is driven only by the first period of ramp motion that immediately succeeded the step, prior to the onset of eye motion, these retinotopic deficits imply an impaired perception of target motion in the contralateral hemifield. This corresponds well to the deficits observed after unilateral lesions of areas MT or MST in monkeys (Newsome et al., 1985; Diirsteler and Wurtz, 1988) . Such a contralateral homonymous scotoma for the perception of visual motion has also been identified psychophysically in patients with lesions in the lateral occipital gyri (Plant et al., 1993) , close to the temporo-parieto-occipital pit (Barton et al., 1995) . Location of the MT-homologous motion-sensitive area there in humans was based on evidence from functional imaging (Zeki et al., 1991; Watson et al., 1993) , anatomical (Tootell and Taylor, 1995) and lesion studies (Zihl et al., 1983; Vaina et al., 1990) . It must be emphasized as an important observation that the retinotopic SP deficit in our patients, including the prolonged pursuit latency, did not correlate with any of the disorders that are classically attributed to the PPC, such as visual hemineglect, optic ataxia and prolonged latencies of contraversive visuallyguided saccades to stationary targets. Unlike the saccadic disorder, it is a distinct deficit of cortical visual motion processing not related to visual hemi-inattention.
In contrast to the retinotopic deficit, a directional asymmetry was not obvious from the pooled data of the entire group with parietal lesions, which showed a reduced gain of SP velocity in both directions. Such a bidirectional deficit has been reported previously after unilateral hemispheric lesions, but it has no topodiagnostic significance (Morrow and Sharpe, 1990) . Analysis of individual cases, however, revealed unidirectional deficits of SP maintenance with ipsiversive stimulation in four patients with PPC lesions, similar to those observed in monkeys after lesions of the lateral portion of the MST (Diirsteler and Wurtz, 1988) and in humans after hemidecortication (Troost et al., 1972; Sharpe et al., 1979) or unilateral posterior hemispheric lesions (Baloh et al., 1980; Leigh and Tusa, 1985; Morrow and Sharpe, 1990 ).
The pathophysiological background of this directional asymmetry is still a matter of discussion. Although the retinotopic deficit in estimating target velocity, reflected in dysmetnc saccades toward the moving target, was coincident with the directional SP deficit in three of four cases in our study and in two of four cases published by Thurston el al. (1988) , it is not an adequate explanation, because it was restricted to the contralateral hemifield and thus cannot account for impaired SP toward the ipsilateral hemifield. Theoretically, defective feedback about eye motion could explain the directional deficit of SP maintenance after lesions of the MST in primates, as this signal is available in MST neurons (not in MT; Newsome et al., 1988; Erickson and Thier, 1991) . However, it cannot explain impaired SP initiation or the directional deficit following MT lesions (DOrsteler et al., 1987) . According to lesion and stimulation studies in the MST (Diirsteler and Wurtz, 1988; Komatsu and Wurtz, 1989) , the directional deficit concerns the visual motion signal rather than the eye motion signal. The problem is, however, that pursuitrelated single neurons in the MT and MST with directional sensitivity for visual motion are not only tuned for ipsiversive pursuit, but also for other directions (Komatsu and Wurtz, 1988a) . Therefore it might instead be a directional bias for visual motion in the whole population of cells or in their output (projections to the pontine nuclei or to the FEF) that can account for the ipsidirectional deficit. In accordance with this idea, Barton et al. (1995) recently demonstrated, in humans, that unilateral lesions in the white matter underlying the junction of Brodmann areas 19 and 37 (the assumed homologue of the MT) cause ipsidirectional defects of foveal motion perception and can also lead to contralateral retinotopic defects of motion discrimination in the visual periphery. These visual sensory deficits correspond well to the directional and retinotopic SP deficits found in this laboratory (Morrow and Sharpe, 1993a) and might be their pathophysiological basis.
One of our patients with impaired ipsiversive SP had an additional deficit of contraversive SP only within the contralateral craniotopic space. This has also been noted in patients with acute posterior lesions of the non-dominant hemisphere (Reeves et al., 1984; Bogousslavsky and Regli, 1986) and recently, with damage to the FEF (Morrow, 1996) . It might be a consequence of contralateral visual hemi-neglect, which was rather severe in our case. Thus all four types of SP deficits as delineated by Sharpe and Morrow (1991) were present in our patients with PPC lesions: the bidirectional deficit (as a significant group effect), also the ipsidirectional (four cases), the contralateral retinotopic (four cases) and the contralateral craniotopic (one case) deficits.
Cerebral localization of parietal SP deficits
Because of the heterogenity of SP results in patients with PPC lesions, with normal SP in four cases, none of the four deficits can be attributed to the common lesioned brain area within the inferior parietal lobule, as outlined in Fig. I . However, the area of overlap of lesions in the five cases with retinotopic or ipsidirectional deficits, subtracted by the lesioned areas in patients with PPC lesions with normal SP and OKN (Fig. 6) , revealed an area in the temporo-parieto-occipital junction, around the intersection of Brodmann areas 39, 37 and 19 and anterior to it, that corresponds fairly well to the hypothesized location of the MT/MST-homologues in man. In accordance with the literature, lesions of this cortical site or its subcortical efferences in the underlying white matter (in two of our cases) are most probably responsible for the observed SP asymmetries. The MT and MST are located adjacently in monkeys, but we suspect that lesions in our patients might have involved the MST-rather than the MT-homologue, since retinotopic and directional deficits were coincident in most cases, as after MST lesions in monkeys (DUrsteler and Wurtz, 1988) . According to PET studies, the MT-homologue in humans is located slightly more posteriorly than the black areas in Fig. 6 , extending into the lateral occipital gyri (area 19; see Zeki et al., 1991; Watson et al., 1993) , whereas the exact location of the MST-homologue is still a matter of discussion. The region of the MT-homologue belongs to the territory of the posterior cerebral artery, which could be the reason why pure retinotopic SP deficits without hemianopia, corresponding to lesions of the peripheral field representation of MT, have rarely been found in human patients.
In contrast to lesions of the temporo-parieto-occipital pit, pure posterior parietal lesions around the intraparietal sulcus did not consistently impair SP in our patients. Also in the clinical literature, most parietal lesions associated with directional SP or OKN asymmetry were not limited to the parietal cortex, but extended towards the temporal or occipital lobe (Fox and Holmes, 1926; Smith and Cogan, 1959; Baloh et al., 1980; Leigh and Tusa, 1985; K6mpf, 1986) . Nevertheless, the existence of neuronal projections from the MT and MST to the PPC and further to the FEF in monkeys (Tusa and Ungerleider, 1988) and the nature of pursuit-related neuronal responses in this region (Lynch et al., 1977; Colby et al., 1993) suggest a specific contribution of the PPC to SP, probably as an indirect pathway for focusing attention to the moving stimulus. In accordance with this, a bilateral PPC lesion in a patient with a Balint-like syndrome (Pierrot-Deseilligny et al., 1986) caused not only peripheral visual inattention, but also severely disrupted SP. Also in our patients, the severity of the ipsidirectional SP impairment correlated with the neglect score. So there is at least some evidence that the PPC could be involved in the attentional control of SP, but this needs to be confirmed by future studies. Recently, Lawden et al. (1995) demonstrated in human patients that lesions of Brodmann parietal area 40 particularly impair foveal SP against a stationary structured visual background. Either the background distracts visual attention away from the moving target in these cases, or the effect might be explained by damage to fibre connections with the MST, where the activity of visual tracking neurons can even be enhanced by a stationary or antagonistically moving structured background (Komatsu and Wurtz, 19886) .
The influence of optokinetic full-field stimulation
In contrast to a previous report (Baloh et al., 1980) , optokinetic full-field stimulation in our patients with parietal lesions even enhanced the directional deficit with ipsiversive stimulation, being significant in eight out of 13 cases (versus four with foveal stimulation). This higher frequency of directional asymmetries in OKN could be due to the fact that, in contrast to foveal SP stimuli (307s), we used higher velocities for optokinetic stimulation (907s), where OKN is more sensitive for directional asymmetries (Kompf, 1986) . The classical lesion site responsible for asymmetrical OKN, in the temporo-parietal white matter (Fig. 6 ) was involved in all eight cases. In four of them, the directional deficit of foveal pursuit might have already recovered, as recovery occurrs fast (within 1-2 weeks) following selective MST lesions (DUrsteler and Wurtz, 1988) , even faster than after FEF lesions (MacAvoy et al., 1991) , which in our patients with chronic lesions caused more pronounced directional SP deficits than parietal lesions.
The velocity storage component of OKN (OKAN and circular vection) was normal in most patients with PPC lesions, in contrast to cases with occipito-parietal (Heide et al., 1990) or superior temporal lesions (Straube and Brandt, 1987) . If the MST, as in monkeys (Kawano and Sasaki, 1984; Dilrsteler and Wurtz, 1988) , is important for this component, the respective deficits must have already been compensated for in our patients, possibly mediated by alternative pathways or by the intact left hemisphere.
A cortical network for SP control
In conclusion, our data confirm the existence of a cortical network for the control of SP (Fig. 8) , analogous to the model inferred from experimental evidence in monkeys, as outlined in the Introduction. Retinotopic visual motion information relevant to SP ('retinal slip') is processed from the primary visual cortex to the main cortical SP centre (the MT/MST-homologous areas) in the temporoparieto-occipital pit. In the homologue of the MST, the visual motion signal is represented with a directional ipsiversive bias and combined with internal feedback about eye motion, thus probably encoding target motion in space. Consequently, lesions cause both retinotopic deficits of SP initiation in the contralateral hemifield and ipsiversive directional deficits of SP initiation, SP maintenance and OKN. Another essential cortical relay station for the efferent limb of SP is the FEF, where lesions cause an ipsidirectional motor deficit of predictive SP, OKN and SP initiation. Working in parallel, the PPC controls attentional aspects of SP and the SMA controls the timing of target anticipation with predictable stimuli. In contrast to monkey data (Dursteler and Wurtz, 1988) , we found no evidence in our patients that this network also controls the velocity storage component of OKN.
